The extent to which the effect of risk factors on cognitive ageing is dependent on APOE ε4 remains unclear. The objective of this study is to examine whether APOE ε4 allele modifies the association between health behaviors and cognition in late midlife. Data are drawn from 5447 participants of the Whitehall II study, health behaviors were assessed in 1997-1999 (mean age = 55.6, Standard Deviation (SD) = 6.0) and APOE genotype and cognitive function in 2002-2004 (mean age = 60.9, SD = 5.9). Among APOE ε4 non-carriers, current smokers had lower scores on memory (difference in T-score = -2.49, 95%CI: -3.37, -1.60), reasoning (-2.88, 95%CI: -3.74, -2.01), phonemic (-2.66, 95%CI: -3.56, -1.76) and semantic (-2.38, 95%CI: -3.28, -1.47) fluency compared to never smokers. In APOE ε4 carriers, difference between current and never smokers was seen only for reasoning (-1.92, 95%CI: -3.31, -0.51). Interaction terms supported differential effects of smoking as a function of APOE ε4 status for memory (p = 0.01), and phonemic (p = 0.008) and semantic fluency (p = 0.02). Cognitive scores were lower among non-drinkers compared to moderate drinkers, among the sedentary participants and those who ate fruits and vegetable less than 2 times per day irrespective of APOE ε4 status. This study suggests that the APOE ε4 allele modifies the association of smoking but not that of other health behaviors -alcohol consumption, physical activity, fruit and vegetable consumption -with cognitive function in late midlife.
Findings
Carriers of the apolipoprotein E (APOE) ε4 allele are at increased risk of late onset Alzheimer's disease [1] . Among APOE ε4 carriers there is evidence of atypical brain activity in young adulthood [2] and greater cognitive decline in middle-age [3, 4] . Recently, it has been suggested that, in addition to these direct associations, APOE ε4 might also influence cognition indirectly by modifying the effect of non-genetic risk factors, such as health behaviors, on cognitive ageing [5, 6] . Indeed, adverse health behaviors are risk factors for impaired cognition and dementia [5, 7] ; however, a recent review concluded that more research is needed to confirm or refute the hypothesis of a differential effect of health behaviors among APOE ε4 carriers [7] . Thus, the objective of the present study is to examine whether APOE ε4 allele modifies the association of smoking, alcohol consumption, physical activity and dietary behavior with cognitive function in late midlife.
Data are drawn from the Whitehall II study, established in 1985 on 10 308 British civil servants (6895 men and 3413 women) [8] . The University College London ethics committee approved the study and all participants gave written consent to participate in the study. The study population for the present analysis is composed of 5447 participants with complete data on health behaviors assessed during 1997-1999 (wave 5 of the study, mean age = 55.6, Standard Deviation (SD) = 6.0) and APOE genotype and cognitive function assessed during [2002] [2003] [2004] (wave 7 of the study, mean age = 60.9 (SD = 5.9)). APOE genotype Two TaqMan assays (Rs429358 and Rs7412, Assay-On-Demand, Applied Biosystems) were used and run on a 7900HT analyzer (Applied Biosystems), and genotypes indicated by the Sequence Detection Software version 2.0 (Applied Biosystems). Each SNP was found to be within Hardy Weinberg Equilibrium (χ2 p > 0.4). Genotyping was repeated for 511 participants and error rates were found to be < 0.15%. APOE ε2/ε3/ε4 haplotypes were created and participants were categorized as APOE ε4 non-carriers and APOE ε4 carriers for those with at least one ε4 allele.
Health behaviors were assessed via questionnaire Smoking status was assessed using questions on current and past smoking and categorized as never, past and current smokers. Alcohol consumption was assessed via questions on the number of alcoholic drinks ("measures" of spirits, "glasses" of wine, and "pints" of beer) consumed in the last seven days, converted to number of units of alcohol with each unit corresponding to 8 grams of ethanol. Alcohol consumption was categorized as: abstinence (none), moderate (1-14 units/week for women and 1-21 units/week for men), and high consumption (15 or more units/week in women and 22 or more in men). Physical activity questionnaire included 20 items on frequency and duration of participation in different physical activities (e.g. walking, sports, and gardening) that were used to compute hours per week of moderate and vigorous physical activity. This information was used to identify those with sedentary habit, defined as less than one hour per week of moderate physical activity and less than one hour per week of vigorous physical activity. Dietary behavior was assessed using a measure of frequency of fruit and vegetable consumption with the question "How often do you eat fresh fruit or vegetables?"; responses were on an eight-point scale, ranging from 'seldom or never' to 'two or more times a day'.
Cognitive function was measured with multiple tests Short-term verbal memory was assessed with a 20-word free recall test. Participants were presented a list of 20 one or two syllable words at two second intervals and then had two minutes to recall in writing as many of the words in any order. The AH4-I (Alice Heim 4-I) was used to assess reasoning. This test is composed of a series of 65 verbal and mathematical reasoning items of increasing difficulty [9] . It tests inductive reasoning, measuring the ability to identify patterns and infer principles and rules. Participants had 10 minutes to do this section. We used two measures of verbal fluency: phonemic and semantic [10] . Phonemic fluency was assessed via "S" words and semantic fluency via "animal" words. Subjects were asked to write as many words beginning with "S" and as many animal names as they could. One minute was allowed for each fluency test.
Covariates in the analysis, assessed alongside the health behaviors, were sex, age, socioeconomic position indexed as 6-level British civil service employment grade [8] , and education (no or lower primary school, lower secondary school, higher secondary school, university, and higher university degree).
All cognitive scores were standardized to T-scores which are similar to z-scores but have a mean of 50 and a SD of 10 in order to allow comparison between tests. The association between categories of health behaviors and cognitive T-scores was examined using analysis of covariance (ANCOVA). The difference in mean cognitive Tscore, as well as the 95% confidence intervals (CI), adjusted for age and sex, was calculated across health behavior categories separately for APOE ε4 non-carriers and carriers. In order to examine whether the APOE ε4 allele modifies the association between health behaviors and each cognitive measure, an interaction term between APOE ε4 status and health behavior categories was included in the model containing the main effects, separately for each health behavior. We also used multiple analysis of covariance (MANCOVA) to assess the overall interaction between each health behavior and APOE ε4 status for all cognitive measures considered together. The use of MANCOVA serves two purposes; it takes the correlation between the cognitive tests into account and provides a p value for the overall interaction term [11] . This method reduces the likelihood of Type I error, common when multiple outcomes are analysed separately. Finally, in order to examine whether the results were robust to the effects of socioeconomic position, all analyses were repeated with additional adjustment for employment grade and education. Table 1 presents the characteristics of the participants as a function of their APOE ε4 status. Among the 3929 non-carriers, 14.9% were smokers, 12.5% were alcohol abstainers, 26.4% were sedentary, and 39.6% ate fruit and vegetables less than 2 times per day. The corresponding figures among the 1518 APOE ε4 carriers were no different, 14.6%, 14.1%, 25.7%, and 41.5%, respectively.
The associations between health behaviors in 1997-1999 and cognitive function in 2002-2004 as a function of the APOE ε4 allele are presented in Table 2 . Among the APOE ε4 non-carriers, current smokers had lower scores on memory (difference in T-score = -2.49, 95%CI: -3.37, -1.60), reasoning (-2.88, 95%CI: -3.74, -2.01), phonemic (-2.66, 95%CI: -3.56, -1.76) and semantic (-2.38, 95%CI: -3.28, -1.47) fluency compared to never smokers. In the APOE ε4 carriers, a corresponding difference between current and never smokers was only seen for reasoning (-1.92, 95%CI: -3.31, -0.51). Interaction terms for memory (p = 0.01), phonemic (p = 0.008) and semantic fluency (p = 0.02) supported differential effects of smoking as a function of APOE ε4 status. Compared to never smokers, ex-smokers had on average better scores in phonemic (+1.35, 95%CI: 0.27, 2.42) and semantic (+1.27, 95%CI: 0.25, 2.30) fluency among the APOE ε4 carriers but not among the non-carriers (p for interaction = 0.04 and 0.006, respectively). MANCOVA also suggested an over-all interaction between APOE ε4 status and both current (p = 0.04) and past smoking (p = 0.02).
Cognitive scores were lower among non-drinkers compared to moderate drinkers, among the sedentary participants and those who ate fruit and vegetables less than 2 times per day. These associations were present in both APOE ε4 non-carriers and carriers with no evidence of differential effects as a function of the APOE ε4 status (p for interaction from MANCOVA was 0.37 for alcohol abstinence, 0.31 for high alcohol consumption, 0.70 for sedentary habit, and 0.69 for fruit and vegetable consumption). In models further adjusted for employment grade and education (Table 3) , the effect sizes were somewhat attenuated in both APOE ε4 carriers and non-carriers. However, the interaction terms remain unchanged except that for past smoking. These prospective data from over five thousand British adults suggest that the APOE ε4 allele modifies the impact of smoking but not that of other health behaviors -alcohol consumption, physical activity, fruit and vegetable consumption -on cognitive function in late midlife. Among the APOE ε4 non-carriers, current smokers had lower scores on multiple cognitive tests, such as memory, phonemic and semantic fluency, compared with never smokers. A corresponding pattern was not observed among the APOE ε4 carriers.
Our findings are in agreement with previous studies on clinical outcomes which documented evidence of an interaction between APOE ε4 and current smoking. In those studies, a higher risk of dementia among smokers was found, but only among APOE ε4 non-carriers [12] [13] [14] [15] [16] . We also observed higher cognitive scores among ex- smokers compared to never smokers among the APOE ε4 carriers. A previous study reported similar results for the risk of Alzheimer's disease [12] . However, in our analysis the effect of past smoking, compared with never smoking, did not differ as a function of APOE ε4 status when socio-economic position was taken into account. Thus, the higher scores among the ex-smokers who were APOE ε4 carriers compared to APOE ε4 non-carriers appeared to be due to confounding by socioeconomic factors. It is plausible that the effects of smoking in APOE ε4 carriers are attenuated as these individuals have been shown to have fewer nicotinic receptor binding sites and lower activity of choline acetyltransferase than non carriers [17] . Smoking might counterbalance the deficit in nic- otine receptors and the lack of acetylcholine found in APOE ε4 carriers [14, 18] . Another possible mechanism behind the smaller impact of smoking in APOE ε4 carriers relates to several processes associated with the APOE ε4 allele that accelerate degenerative changes in arteries and brain, such as a somewhat higher total blood cholesterol, more oxidized blood lipids, and greater risk of coronary heart disease [2, 19, 20] . Such genetic influences may reduce the relative importance of other risk factors for cognitive ageing, such as smoking. Given this, it is surprising that there was no clear evidence of effect modification by APOE ε4 on the association between other health behaviors and cognition. Our results confirm previous studies suggesting that the effect of health behaviors on cognition does not differ by APOE ε4 status for alcohol [21] [22] [23] , physical activity [21, 24, 25] , or diet [26] . The strengths of this study include a detailed assessment of health behaviors and a large battery of cognitive tests covering multiple cognitive domains. However, although our sample covered a wide socioeconomic range, with annual full-time salaries ranging from £4,995 to £150,000, the data are exclusively from white-collar civil servants and cannot therefore be assumed to be representative of the general population. The use of multiple testing increases the risk of Type 1 error and in order to ensure the robustness of our findings we repeated the analyses using MANCOVA to obtain an overall interaction term. The conclusions were similar from both analyses. In conclusion, this study suggests that smoking is associated with lower cognitive function only among APOE ε4 non-carriers. Presence of the APOE ε4 allele did not modify the impact of other health behaviors on cognition. 
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